Stroke leads to inflammatory and immune response in the brain and immune organs. The gut or gastrointestinal tract is a major immune organ equipped with the largest pool of immune cells representing more than 70% of the entire immune system and the largest population of macrophages in the human body. The bidirectional communication between the brain and the gut is commonly known as brain-gut or gut-brain axis. Stroke often leads to gut dysmotility, gut microbiota dysbiosis, "leaky" gut, gut hemorrhage, and even gut-origin sepsis, which is often associated with poor prognosis. Emerging evidence suggests that gut inflammatory and immune response plays a key role in the pathophysiology of stroke and may become a key therapeutic target for its treatment. Ischemic brain tissue produces damage-associated molecular patterns to initiate innate and adaptive immune response both locally and systemically through the specialized pattern-recognition receptors (e.g., toll-like receptors). After stroke, innate immune cells including neutrophils, microglia or macrophages, mast cells, innate lymphocytes (IL-17 secreting γδ T-cell), and natural killer T-cell respond within hours, followed by the adaptive immune response through activation of T and B lymphocytes. Subpopulations of T-cells can help or worsen ischemic brain injury. Pro-inflammatory Th1, Th17, and γδ T-cells are often associated with increased inflammatory damage, whereas regulatory T-cells are known to suppress postischemic inflammation by increasing the secretion of anti-inflammatory cytokine IL-10. Although known to play a key role, research in the gut inflammatory and immune response after stroke is still in its initial stage. A better understanding of the gut inflammatory and immune response after stroke may be important for the development of effective stroke therapies. The present review will discuss recent advances in the studies of the brain-gut axis after stroke, the key issues to be solved, and the future directions.
Introduction
A ccording to the World Health Organization, cerebrovascular accidents (stroke) are the second leading cause of death and the third leading cause of disability worldwide. [1] In the United States of America, 140,000 Americans died each year with stroke. [2] Stroke is primarily divided into two categories; ischemic stroke (an obstruction within a blood vessel supplying blood to the brain) and hemorrhagic stroke (a rupture in a weakened blood vessel in the brain). Ischemic stroke accounts for about 70%-80% of all strokes. The most ischemic stroke is due to the middle cerebral artery occlusion (MCAO), resulting in the brain tissue damage in the affected territory, which is followed by inflammatory and immune response. In this review article, inflammatory response generally indicates the initial innate immune response after tissue injury, while immune response represents adaptive immune response. This review will mainly discuss the role of the brain-gut axis in inflammatory and immune response after ischemic stroke (or stroke hereafter).
It is generally held that ischemic brain tissue must be reperfused to be rescued after stroke.
For that reason, medical professionals have successfully developed two reperfusion or recannulation modalities for the treatment of ischemic stroke: (i) Thrombolysis by intravenous administration of recombinant tissue plasminogen activator and (ii) performance of endovascular thrombectomy to physically remove the blood clot or other occluded materials. However, both thrombolysis and endovascular thrombectomy have significant limitations; as both are carried out within a limited therapeutic window (e.g., within about 4.5 h) after ischemic stroke onset and are often associated with unwanted effects (e.g., hemorrhage). Furthermore, many pathological events, triggered by brain ischemia, continuously develop in the postischemic brain tissue after reperfusion or recanalization, the so-called ischemia-reperfusion injury. Thrombolysis and endovascular thrombectomy modalities, although effective, they can treat only a small proportion of ischemic stroke patients with limited success. Two key issues to be solved currently for the treatment of ischemic stroke are: (i) To prolong the therapeutic window of thrombolysis and endovascular thrombectomy and (ii) to develop therapeutic approaches against tissue ischemia-reperfusion injury.
All clinical trials of stroke therapeutic agents have so far failed to demonstrate the efficacy in human stroke patients, despite showing the protective properties of these agents against brain ischemia-reperfusion injury in animal models of the preclinical settings. The reasons behind the failures are many, but two of them may be significant: (i) current animal stroke models are mostly conducted using young animals, which inadequately reflects stroke in the aging populations and (ii) the major contributor (s) leading to brain ischemia-reperfusion injury have yet to be completely identified. As a result, no effective therapeutic agents are clinically proven to be effective currently in the treatment of brain ischemia-reperfusion injury after stroke.
Bidirectional Communications between Brain and Gut after Stroke
The brain-gut axis or gut-brain axis is often referring to the bidirectional communications between the central nervous system (CNS) and the gastrointestinal (GI) tract (microbiota and immune system) [ Figure 1 ]. [3] The bidirectional communications between the gut and the brain after stroke may involve vagus nerve, release of damage associated molecular patterns (DAMPs) and cytokines from the injury site of the brain, release of cytokines from the gut, as well as migration of gut inflammatory or immune cells to the brain injury site [ Figure 1 ]. [4] After stroke, up to 50% of patients experience GI complications, including gut dysmotility, gut microbiota dysbiosis, "leaky" gut, gut hemorrhage, and even gut-origin sepsis. [5] Stroke patients associated with GI complications often have poor outcomes, with increased mortality rates and deteriorating neurologic function. [6] Gut dysbiosis or gut-origin sepsis are both reported to occur after stroke in aged animals. [7] [8] [9] [10] The underlying mechanisms of stroke-associated GI complications, as well as the poor stroke outcome, remain understudied.
Human intestine contains trillions of diverse microbes. The loss of microbiota diversity leads to intestinal dysbiosis, resulting in several complex diseases. Gut bacteria are able to produce short-chain fatty acids which play a neuroprotective role. Gut bacteria may also synthesize neurotransmitters (γ-aminobutyric acid, noradrenaline, and dopamine) and modulate activation of the immune system. [11] The communication between the CNS and the gut takes place through several complex signaling pathways involving vagus nerves to the enteric nervous system (ENS), the neuronal-glial-endothelial interactions, as well as, DAMPs-and cytokines-induced activation of gut inflammatory and immune cells [ Figure 1 ]. [12] [13] [14] [15] The afferent fiber of the vagus nerve expresses receptor to sense microbiota metabolite, gut peptides like ghrelin, and leptin to transfer gut information to the CNS. [16, 17] In Parkinson's disease (PD), Braak et al. suggested that vagus nerve might be the site of initiation of this disease. [18] Svensson et al. reported that removal of part of the vagus nerve declines the development of PD severity. [19] Winek et al. reported that the poststroke mortality rate was higher in mice pretreated with antibiotics. A higher survival rate was observed in the mice having complex gut microbiota. [20] Gut microbiota is highly abundant with various types of phyla including Firmicutes, Bacteroidetes, and Actinobacteria which are severely reduced after stroke. [7] Several studies show significant changes in the microbial diversity in the fecal samples of patients with stroke and transient ischemic attack. [21, 22] Stanley et al. reported that commensal bacteria residing in the intestinal tract are the major sources of infections in stroke patients after the onset of stroke. [23] Severe stroke leads to gut dysbiosis, as a result of increased Bacteroidetes and decreased species diversity, damage to the intestinal barrier, and decrease in the intestinal movement, resulting in an intestinal inflammatory and immune response and altered immune homeostasis. [7] A range of bacteria and their derivatives in altered gut microbiota regulates intestinal immune homeostasis by communicating with intestinal epithelial cells, mononuclear phagocytes, innate lymphoid cells, dendritic cells, and T and B lymphocytes. [24] Lymphocytes in the lamina propria and intraepithelial compartments of both the small and large intestine perform regulatory and effector function both locally and systemically. [25] After stroke, activation of gut γδ T-cells may increase ischemic brain injury by migrating to the injury site and by secreting pro-inflammatory cytokines (e.g., IL-17) to attract myeloid cells (neutrophils and monocytes) at the site of injury, whereas activation and migration of CD4+ CD25+ Foxp3+ regulatory T-cells (Tregs) in the injury site may play a protective role against cerebral ischemic injury. [26, 27] At the late phase of stroke, dendritic cells in the mesenteric lymph node promote migration of Treg cells to the gut to suppress differentiation of IL-17 producing γδ T-cell, thus reducing migration of γδ T-cell to the brain. In this case, anti-inflammatory cytokine IL-10 is upregulated from Treg cells to reduce the migration of γδ T-cells from the intestine to the meninges of the brain, resulting in downregulation of IL-17 expression, and thus protecting the brain from ischemia-reperfusion brain injury. [28, 29] Upon activation, effector CD4+ T-cells may produce neuroprotective IL-4 to restore neuronal tissue homeostasis in the late phase of stroke [ Figure 1 ]. [30] 
Gut Microbiome and Progression of Inflammatory Events after Stroke
Gut microbiome and immune system have coevolved with both animals and humans for millions of years.
The interaction between them is important for keeping animal and human healthy. Experimental stroke in mice has revealed the changes in gut microbiota but the influence of the altered microbiota on inflammation in this disease condition is still incompletely understood.
Commensal microbiota playing important role in maintaining the host immune homeostasis. However, dysbiosis leads to an imbalance of T-cell subpopulations including Th1, Th2, Th17, and Treg to trigger several types of autoimmune and inflammatory disease [ Table 1 ]. [31] Th1 cells secrete pro-inflammatory cytokines including IL-2, IL-12, tumor necrosis factor-alpha (TNF-α) and interferon-gamma (IFN-γ) to promote cellular immune response, and thus may be involved in the pathogenesis of stroke. [32] Th2 cells secrete IL-4, IL-5, and IL-13 to promote humoral immune responses against parasites and allergens. [32] A small amount of IL-17 is produced by αβ T-cells (Th17 cells), which is required for antigen-specific priming, whereas the major source of IL-17 is produced by γδ T-cells during acute infection, which does not require prior antigen priming and thus can rapidly induce inflammation. [33, 34] In experimental brain ischemia, IL-17 produced by γδ T-cells aggravates the pro-inflammatory response. [26, 27] The study of Benakis et al. show that γδ T-cells are abundant in the gut from where they seem to traffic to the leptomeninges structure of the brain after stroke. [29] Treg cells are derived from the same lineage as that of naive CD4 cells, express transcription factor Foxp3, and secrete anti-inflammatory cytokine IL-10 to dampen the excessive immune response. [35] A study of Liesz et al. demonstrates that the absence of Treg cells enhances poststroke activation [36] Treg cells suppress both the differentiation of Th17 cells and proliferation of γδ T-cells in the gut to maintain the anti-inflammatory environment [ Table 1 ]. [37] [38] [39] The blood vessels at the injury site after stroke become activated to express cell surface molecules including chemokines, adhesion molecules (e.g., Fibronectin and the α5 β1 and αvβ3 Integrins), intercellular adhesion molecule 1, and vascular cell adhesion molecule 1 to facilitate leukocyte adhesion and infiltration by extravasation across the blood-brain barrier (BBB). Damaged neurons and activated microglia after stroke release cytokines such as IL-4, TNF-α, and IL-1 β. [40, 41] After stroke, microglia become active locally, while neutrophils, as well as macrophages, lymphocytes, and dendritic cells infiltrate into the ischemic brain area. [27, 42] Activation of microglia is the earliest cellular inflammatory change which peaks at 48 h and remains in the plateau at 96 h after MCAO [ Figure 2 ]. Infiltration of neutrophils to the injury site is also an early event after stroke. [43] Perez-de-Puig et al. demonstrated the migration of neutrophils to the leptomeninges from 6 h onward, to the cortical-basal lamina and cortical Virchow-Robin spaces from 15 h onward, and to the cortical brain parenchyma for 24 h onward after the MCAO. [44] T-cells invade the infarct region from day 1 onward. Their number increases at day 7 and reached a peak at day 14 day in the mouse model of stroke. [45] Xie et al. found that CD4+ and CD8+ T-cells increased in the peri-infarct region for as long as 1-month after experimental ischemic stroke in mice and persisted for years in stroke patients. [46] CD4+ CD25+ Foxp3+ Treg cells accumulate in the ischemic lesion sites for as long as 14-30 days and played an anti-inflammatory role after experimental stroke in mice, which is expected to play a brain protective role by suppression of effector T-cells. [47] In the absence of Treg cell activation, the numbers of resident and infiltrating inflammatory cells such as microglia and T-cells are expanded after experimental stroke in mice [ Figure 2 and Table 2 ]. [36] 
Gut Immune Response to Brain Injury
The GI contains a broad range of commensal and pathogenic microorganism. To protect the host from pathogenic microorganisms and dietary antigens, GI encompasses extremely efficient mucosal barrier and a specialized multifaceted immune system, made up of a large population of scattered immune cells and organized lymphoid tissues termed the gut-associated lymphoid tissue. [48] The GI comprised three major entities: the intestinal lumen commensal flora, epithelium, and mucosal immune system. First, the gut system immediately faces trillions of different types of bacteria and is therefore challenged with the daunting task of segregating the underlying tissues from noxious intestinal lumen contents. [49] The release of intestinal lumen bacteria and toxins into the circulation due to increased gut permeability or intestinal injury, the so-called "leaky gut" or, its severe form, "sepsis," propagates systemic inflammation, and thus is considered the origin of the systemic inflammation or its severe form systemic inflammatory response syndrome (SIRS). [50] SIRS along the gut-brain, gut-lung, and gut-liver axes can result in multiple organ dysfunction syndrome (MODS), followed by mortality. [49, 50] For example, stroked brain tissue releases DAMPs that propagates systemic inflammation through activation of the GI immune and inflammatory system, resulting in increased gut permeability, intestinal injury, and even sepsis, followed by systemic inflammation. [51] Second, in order to prevent invasion of the intestinal microorganisms and toxins during transport of nutrients, the gut is equipped with the largest pool of immune cells representing more than 70% of the entire immune system and the largest population of macrophages in the body. [49, 50] This explains why severe stroke is often The number of CD4+, CD8+, and regulatory T-cells at the site of brain injury at days 7, 14, and 30 in mice after 30-min middle cerebral artery occlusion. Graphs were made with the excellent graphing tool based on the published data from references listed in Table 2 b a associated with long-term multiple organ complications. Hence, understanding the gut immune response may provide an opportunity for the therapeutic intervention to prevent progressive tissue damage and loss of brain function after stroke.
Damage Associated Molecular Patterns and Sterile Inflammation
Damaged tissue after stroke releases inflammatory molecules and cellular debris, the so-called DAMPs. DAMPs are thought to play a crucial role in initiating an inflammatory and immune response via the specialized pattern-recognition receptors (PRRs) (e.g., Toll-like receptors [TLR] ). This type of immune and inflammatory response is also known as sterile inflammation. In comparison, pathogen-associated m o l e c u l a r p a t t e r n s ( P A M P s ) f r o m i n f e c t e d microorganism also initiate an inflammatory and immune response through the same PRRs. The term of sterile inflammation is to indicate DAMAPs-elicited, while the term of nonsterile inflammation represents PAMPs-induced inflammatory and immune response, both of which are through the specialized PRR to exert their effects.
Either infection or tissue injury can induce the innate immune system, commonly known as inflammatory response, which is followed by the adaptive immune response, also referring to as immune response. Inflammatory and immune response can be triggered either by PAMPs after microorganism infection or DAMPs after tissue injury. The inflammatory and immune response aims originally to defend the body from microorganism invasion, which is also be used to clear damaged tissues after injury. However, excessive inflammatory or immune response can cause local or remote tissue damage.
[52]
Systemic Inflammatory Response Syndrome after Stroke
DAMPs and cytokines produced in brain ischemic tissue are released to the circulation to gain access to immune or lymphoid organs [ Figure 1 ]. This will lead to systemic inflammatory and immune response, or its severe form; the SIRS. For example, high mobility group protein B1 (HMGB-1) is a DAMP molecule. HMGB-1 produced in stroke-damaged tissue can gain access to the circulation through the broken BBB to initiate SIRS after stroke. [53] This may be illustrated by the circulatory cytokine wave or even "cytokine storm" with increased TNF-α, IFN-γ, and IL-6 after stroke. [54] The inflammatory and immune response or SIRS after stroke can be mediated by DAMPs alone in the absence of microorganism infection, or mediated by both DAMPs and PAMPs when stroke is complicated with poststroke leaky gut or gut-origin sepsis. [55] In general, the systemic inflammatory and immune response begin with the innate immune response, which is followed by activation of the adaptive immune cells after stroke. The innate immune response is executed by innate immune cells including neutrophils, microglia and macrophages, mast cells, innate lymphocytes (IL17-secreting γδ T-cells and nature killer T-cells), whereas adaptive immune response is mediated mainly by T and B lymphocytes.
It was originally thought that brain was an immune privileged site due to the presence of highly restrictive BBB and the "absence" of the adaptive immune cells within the brain tissue. However, this concept has been challenged by experimental evidence that the brain has the lymphatic fluid circulation system. [56] This notion is consistent with the fact that both innate (inflammation) and adaptive immune response (activation of T and B lymphocytes) occur in the tissue of CNS disorders including stroke, Alzheimer's disease, PD, Huntington's 
Recent Advances
In recent years, scientists made several exciting findings to understand how gut microbes listen and regulate the conversation between the brain and the gut in several disease conditions. [3] To understand the complexity of bacteria, the development of metagenomics techniques is highly helpful for sequencing the nucleic acids of the microbes without using bacterial culture. [57] In the previous years, sequencing of fecal specimens was not accurate due to the loss of 80% of microbes which observed by microscope in the culture. [58] Gut microbiota may influence the degree of poststroke inflammation due to their ability to release neuroactive molecules and modulation of intestinal T-cell trafficking to the meninges of the brain. Mice lacking segmented filamentous bacteria have significantly larger brain infarcts due to the inhibition of Treg expansion. [59] Benakis et al. discovered the negative impact of intestinal flora and meningeal IL-17+ γδ T-cells on ischemic injury. Their study also exhibited reduced ischemic brain injury in the mice with altered intestinal flora. [29] In the mouse model of stroke, Winek et al. raised the importance of microbiota in the protection of acute and severe colitis after cerebral ischemia. Moreover, Singh et al. showed reduced brain lesion volume after transfer of fecal microbiota from naïve animals to the wild-type mice but not to the Rag1-/-mice after MCAO stroke. [7] Since altered gut microbiome takes place after stroke, fecal microbiota transplantation raises hope to better management of a large amount of microbiota-related disorders including stroke by restoring normal gut microbiota in stroke patients. [60] Wang et al. demonstrated that inhibition of microbial trimethylamine (TMA) lyases with the choline analog 3,3-dimethyl-1-butanol reduces the risk of cardiometabolic disease through the inhibition of microbial metabolite trimethylamine N-oxide produced from the microbial metabolism of TMA-rich foods. [61] Recently, Stanley et al. used phylogenetic investigation of communities by reconstruction of unobserved states and revealed increased abundance of human intestinal mucin degrading bacterium (Akkermansia muciniphila) and clostridial species after stroke. [62] In the mouse cerebral ischemia model, brain injury leads to increased noradrenaline release from the autonomic nervous system into the gut to alter microbial communities in the caecum. [63] These changes may have an impact on the recovery and treatment of patients after stroke, [63] Gram-negative bacteria is a primary source of TLR4 ligand and accelerates activation of the brain endothelial TLR4 receptor to stimulate cerebral cavernous malformation (CCM). Blockade of TLR4 signaling protects mice from the onset of CCM formation and protects the brain from stroke injury. [64] TLRs are mainly expressed in innate immune cells and in nonimmune cells such as fibroblast and epithelial cells. [65, 66] Recent studies strongly suggest that gut microbiota, as well as gut inflammatory and immune cells, play a key role in the development of brain injury in a variety of CNS disease conditions, including stroke and TBI. [29, 67] Migration of gut inflammatory and immune cells to the CNS may have a significant impact on the brain damage severity and duration after stroke. [29] These studies provide rationales for targeting gut inflammatory and immune response as a novel therapeutic strategy for the treatment of CNS conditions.
Important Issues to Be Solved
GI tract contains >70% of inflammatory and immune cells in the body, and thus should play a key role in inflammatory and immune response after injury in remote organs including the brain. However, the major issue in the field of brain-gut axis research is the lack of complete understanding of the role of gut microbiome, the involvement of gut inflammatory and immune cells and the communications through the PAMPs, humoral, and vagus nerves between the brain and gut after stroke. Several recent promising studies have shown that the communications between the brain and gut may be important therapeutic targets for stroke treatment in animal models. However, whether these discoveries in animal disease models can be translated into the clinical application in humans remain to be studied. Although the composition and distribution of gut inflammatory and immune cells are similar among different animal species and humans, there are significant differences in the microbiome complexity between animals and humans. Development of antibiotic-resistant bacterial strains after prolonged use of antibiotics and augmented chance of infection are among a few key issues to be solved during the treatment of stroke and cardiovascular disease. [68, 69] Innate and adaptive immune cells are responsible for the inflammatory and immune response following stroke. These inflammatory and immune cells may migrate to the brains from different organs including the gut, spleen, or bone marrow at different time points after stroke. On the other hand, stroke leads to damage to the intestinal barrier, resulting in leaky gut and even sepsis, as well as activation of gut inflammatory and immune cells including neutrophils, macrophage or monocytes, dendritic cells, conventional and Treg through brain injury-derived DAMPs, and altered intestinal microbiota. However, the exact mechanisms underlying intestinal barrier damage and activation of inflammatory and immune cells after stroke remain elusive. [70, 71] Understanding the origins, time-course, functions, and fates of the inflammatory and immune cells migrating to the brain injury site and the injury surrounding structures such as meanings and the newly identified lymphatic system in the brain, is crucial for the development of novel therapies against inflammatory and immune response after stroke.
Concluding Remarks and Future Directions
The dysfunction of the brain-gut axis after stroke is a promising area of research for identifying novel mechanisms and preventive and treatment strategies against stroke. The brain-gut axis is an important network communicating through a number of pathways such as between the vagus nerve and ENS. After stroke, the brain-gut axis is significantly distressed by injury-induced DAMPs, cytokine release, the BBB changes, altered microbiota or dysbiosis, and leaky gut, resulting in migration of inflammatory and immune cells from gut to the brain. However, the exact molecular mechanisms underlying the changes in the brain-gut axis remain to be further studied. The poststroke BBB changes and gut-elicited inflammatory and immune response as well as poststroke leaky gut and dysbiosis may be among important research subjects to be studied in animal models of stroke. The changes in gut-elicited inflammatory and immune response and poststroke leaky gut and dysbiosis have yet to be carefully studied in human stroke patients.
The changes in the BBB after stroke allow inflammatory and immune cells from the circulation to enter into the brain parenchyma where they interact with innate immune cells in the CNS. However, how and to what extent these inflammatory and immune cells change the disease progression is still incompletely understood. The findings by Benakis et al. show that inhibition of intestinal IL-17 secreting γδ T-cells by Treg cells may alleviate poststroke inflammation in mice. This study provides a rationale for developing a therapy against activation and migration of intestinal IL-17 secreting γδ T-cells. Th17 cells are playing important role in maintaining mucosal barrier, inflammation, and microbial translocation in the gut and have the ability to efficiently breach the BBB to infiltrate in the CNS. [72] Inhibition of Th17 cytokines may be targeted to reduce inflammation. The novel transgenic models may be helpful for the identification of the origin, role, and fate of gut migrating immune cells, and thus for the development of novel therapies targeting the gut inflammatory and immune cells for the treatment of stroke.
Acknowledgment
Drs. Awadhesh Arya and Bingren Hu wrote the manuscript. Ms. Rose Lee helped with figures and proofreading of the manuscript.
Financial support and sponsorship
This work was supported by National Institutes of Health grants: NS40407, NS102815 and NS097875; by Veteran Affair Merit grant: I01BX003926; and by American Heart Association 0940042N-5 to B. R. H.
